The basic helix-loop-helix-PAS (bHLH-PAS) protein ARNT is a dimeric partner of the Ah receptor (AHR) and hypoxia inducible factor 1a (HIF1a). These dimers mediate biological responses to xenobiotic exposure and low oxygen tension. The recent cloning of ARNT and HIF1 homologues (ARNT2 and HIF2a) indicates that at least six distinct bHLH-PAS heterodimeric combinations can occur in response to a number of environmental stimuli. In an effort to understand the biological relevance of this combinatorial complexity, we characterized their relative expression at a number of developmental time points by parallel in situ hybridization of adjacent tissue sections. Our results reveal that in general there is limited redundancy in the expression of these six transcription factors and that each of these bHLH-PAS members displays a unique pattern of developmental expression emerging as early as embryonic day 9.5.
In response to adverse chemical environments, the bHLH-PAS protein ARNT has been shown to form heterodimers with either the AHR or HIF1a. For example, dioxins bind to the AHR, inducing the formation of nuclear AHR-ARNT heterodimers, which upregulate genes encoding xenobiotic metabolizing enzymes (Schmidt and Bradfield, 1996) . In a related manner, reduced cellular oxygen tension leads to increased stability of the HIF1 (protein, formation of a HIF1a-ARNT complex and upregulation of genes involved in adaptation to hypoxia (Salceda and Caro, 1997; Wang et al., 1995) ). Recently, an ARNT homologue was reported, designated ARNT2, that rescues dioxin responses in ARNT deficient hepatoma mutants (Hirose et al., 1996) . In addition to the multiple ARNT genes encoded by the mammalian genome, a HIF1a homologue, which we refer to as HIF2a, has recently been cloned and shown to form transcriptionally active complexes with ARNT in transient transfection assays (Ema et al., 1997; Flamme et al., 1997; Hogenesch et al., 1997; Tian et al., 1997) .
1. In situ hybridization analysis of mRNA expression at E9.5d (Fig. 1) The HIF1a and ARNT mRNAs were expressed at high levels at a number of sites at E9.5d, including the neuroepithelium of the brain and spinal cord, trigeminal ganglion, branchial arches 1 and 2, heart, hepatic primordia and primitive gut. Of particular note was the high expression of HIF1a in the myocardial wall and the atrioventricular canal of the developing heart where ARNT message was low and ARNT2 was undetectable. ARNT2 message was most abunMechanisms of Development 73 (1998) 117-123 Fig. 1 . Spatio-temporal expression of selected bHLH-PAS mRNAs in murine E9.5d embryos by in situ hybridization. Sagittal sections of E9.5d mouse embryos were subjected to in situ hybridization with AHR, ARNT, ARNT2, HIF1a and HIF2a riboprobes. The white grains represent hybridization signal as visualized by darkfield microscopy and the blue represents the nuclear counterstain (see Section 5). The top left photograph labeled 'HE' represents hematoxylin-eosin stained adjacent embryo section as a reference for histological identification. The key to the photographs is as follows: ne, neuroepithelium; da, dorsal aorta; tg, trigeminal ganglion; ba1 and ba2, branchial arches 1 and 2, respectively; mw, myocardial wall; v, heart ventricle; a, heart atrium; av, atrio-ventricular septum; hp, hepatic primordia; pg, primitive gut; *, urogenital ridge. The bottom row represents hybridization with sense probes as controls. The exposure conditions were identical for the sense and antisense sections. dant in the E9.5d neuroepithelium and at comparatively lower levels in the remainder of the embryo. HIF2a was found to be at high levels in the developing vasculature, especially the dorsal aorta. Interestingly, HIF2a mRNA levels were also found to be high in the urogenital ridge at E9.5d. The chorionic villi, blood vessels and the decidual cells of the E9.5d placenta also showed extremely high levels of HIF2a whereas ARNT2 and AHR were low or not significantly different than sense controls in this organ (data not shown). The AHR was either not expressed significantly in any tissue at E9.5d, or its expression was below the level of detection at this time point.
2. In situ hybridization analysis of mRNA expression at E13.5d (Fig. 2) At E13.5d, AHR mRNA was expressed at high levels in the primitive pituitary, palatal shelf, nasal septal cartilage, dorsal surface of the tongue, developing thymus, lung parenchyma, liver, mucosa of the developing gut, kidney, urogenital sinus and tip of the genital tubercle. ARNT message was highly expressed in a variety of cell types of endodermal and mesodermal origin (for example lung and tongue musculature) and was only slightly above the background levels in the developing nervous system. ARNT2 mRNA expression was essentially the reciprocal of ARNT, i.e., highest in the entire mantle layer of the spinal cord and the brain, and lowest in the endodermal and mesodermal components. HIF1a message displayed the broadest spectrum of expression, with particularly high levels in the primitive pituitary, neural and olfactory epithelium, developing thymus and ventricular wall of the heart and kidneys. HIF2a message was uniformly expressed in the endothelium of blood vessels, including the vessels of the choroid plexus epithelium, dorsal aorta and the sprouting capillaries in the brain. HIF2a mRNA was also observed in certain nonendothelially derived tissues, including the developing kidney, the mesenchyme of the developing lung and the urogenital ridge.
3. In situ hybridization analysis of mRNA expression at E15.5d (Fig. 3) The patterns of expression observed at E13.5 continued to be displayed at E15.5d. The additional highlights are as follows: There was clear expression of ARNT2 in neural crest derivatives such as the dorsal root ganglia and the adrenal medulla, and in the developing tubules in the kidney cortex. HIF1a levels were ubiquitous but at relatively lower levels compared to the previous developmental time point whereas HIF2a was still confined to the vasculature with high levels also observed in the olfactory epithelium and the adrenal gland. Brown fat also showed high expression of ARNT and HIF2a. The sense controls from alternate sections for each probe showed insignificant background staining (data not shown). (Fig. 4) Transverse sections through the embryonic brain at the level of thalamus show evidence that both HIF1a and ARNT2 are expressed in this region, whereas HIF2a is vascular, ARNT is low and AHR undetectable. ARNT2 was also present at high levels in the remaining brain regions where the other bHLH-PAS members were weak or undetectable. In the developing eye, ARNT2 and HIF1a and the AHR were coincident in the inner layer of the retina. ARNT was in general weak or undetectable and HIF2a was only present in the hyoid vessels of the inner retina and the lens. HIF1a was also present in the outer retinal layer and the lens epithelium where other PAS members were not detected. In the developing thymus, HIF1a, ARNT and AHR were coexpressed. In the heart, HIF1a is expressed at high levels in the ventricular wall where ARNT2 and AHR were not detected. ARNT was expressed at low levels in the heart and HIF2a was confined to the vasculature. In the lung, the AHR, HIF2a and ARNT were all coexpressed in the mesenchyme. In addition ARNT was also in the branching bronchioles where HIF1a was present at much lower levels. ARNT2 was low or undetectable in the lung. In the kidney, the AHR expression was primarily in the ureteric bud components, ARNT was ubiquitous in the kidney, ARNT2 was observed only in the developing tubules in the cortex, HIF1a in the developing collecting ducts and HIF2a in the glomeruli and the renal vessels. In the bladder, AHR, ARNT and HIF1a were coexpressed in the transitional epithelium whereas HIF2a was expressed in the capillaries of the connective tissue underlying the transitional epithelium and ARNT2 was not detected. In the testes, ARNT was expressed in all the cell types of the seminiferous epithelium and only coexpressed with HIF1a and HIF2a in the primary gonocytes of the seminiferous epithelium. In addition, HIF2a and ARNT were also present in the leydig cells. In the blood vessels of the yolk sac only HIF2a and ARNT were coexpressed although HIF1a was detected in the visceral layer along with ARNT.
Sites of overlapping and novel expression in embryonic and postnatal tissues
A direct comparison of the expression profiles of AHR, ARNT, ARNT2, HIF1a and HIF2a is a necessary first step in determining which heterodimers occur in vivo and in understanding their respective roles in development. In this study, we employed parallel in situ hybridization, using adjacent tissue sections, similar probe sizes and identical hybridization conditions to analyze the mRNA expression of these bHLH-PAS transcription factors. To confirm our relative expression data we performed parallel RNAse protection assays on these same tissue samples (data not shown). These data support the relative expression profiles we have described above. Our results confirm and extend findings from other laboratories Abbott and Probst, 1995; Ema et al., 1997; Flamme et al., 1997; Hirose et al., 1996; Tian et al., 1997) and provide previously unrecorded expression profiles for many of these interacting bHLH-PAS members. Fig. 2 . Spatio-temporal expression of AHR, ARNT, ARNT2, HIF1a and HIF2a in murine E13.5d embryos by in situ hybridization. See Fig. 1 . The key to the photographs is as follows: ne, neuroepithelium; lv, lateral ventricle; mb, midbrain; mv, mesencephalic vescicle; cp, choroid plexus; ap, anterior pituitary; P, palate; ds, dorsal tongue surface; T, tongue; t, thymus; H, heart; Lu, lung; Li, liver; g, gut; us, urogenital sinus; gt, genital tubercle. High expression of HIF2a in the urogenital ridge is denoted by the black arrow. The bottom row represents hybridization with sense probes as controls. The exposure conditions were identical for the sense and antisense sections.
Materials and methods

Animals, tissues and riboprobes
C57BL/6J mice were used in all experiments. Embryos were from timed matings (E0.5d was defined as noon of the day when the copulatory plug was observed). To generate sense and antisense riboprobes, partial cDNAs were cloned into vectors harboring bacteriophage promoters. The sizes and the nucleotide coordinates of the cDNA fragments are as follows; AHR (nt 1475 -nt 1920); ARNT (nt 1860 -nt 2344); ARNT2 (nt 1928 -nt 2395); HIF1 (nt 1523 -nt 2561) and HIF2a (nt 102 -nt 842) (Burbach et al., 1992; Hirose et al., 1996; Hogenesch et al., 1997; Li et al., 1994; Luo et al., 1997) .
In situ hybridization: Mouse embryos or tissues were fixed in 4% PFA for 16-20 h at 4 o C, and paraffin embedded. Five micrometer sagittal sections were cut Fig. 3 . Spatio-temporal expression of AHR, ARNT, ARNT2, HIF1a and HIF2a in murine E15.5d embryos by in situ hybridization. See Fig. 1 . Results from the head and face regions are depicted in (A) and from the trunk in (B). The key to the photographs in panel (A) is as follows: ns, nasal septum; nc, nasal cavity; oe, olfactory epithelium; ob, olfactory bulb; fb, forebrain; cp, choroid plexus; tha, thallamus; mb, midbrain; mv, mesencephalic vescicle; 3v, third ventricle; 4v, fourth ventricle; hb, hind brain; p, anterior pituitary; np, nasal pharynx; op, oral pharynx; T, tongue. The key to the photographs in panel (B) is: bf, brown fat; drg, dorsal root ganglia; r, ribs; vb, vertebral bodies; ad, adrenal; K, kidney; sp, spinal cord; th, thymus; da, dorsal aorta; bl, non specific staining of the blood; a, atrium; v, ventricle; H, heart; Lu, lung; Li, liver; es, esophagus; s, stomach; g, gut; p, pancreas. Hybridization with sense probes as controls under identical conditions only showed background staining (data not shown). Identical exposure conditions were used for all the photographs.
under RNAse free conditions (Ausubel et al., 1990) . Every sixth serial section for the embryos and tenth for the tissues was stained with hematoxylin and eosin.. Each plasmid was linearized with appropriate restriction enzymes in the polylinker to generate sense and antisense riboprobes generated in the presence of [a-35 S]UTP, 80 uCi (Amersham, Ͼ1000 Ci/mmol). The riboprobes for HIF1a and HIF2a were subjected to limited alkaline digestion to reduce their sizes for better penetration of the tissue (Wilkinson and Nieto, 1993) . Hybridization, washing and developing conditions were as described previously (Wilkinson and Nieto, 1993) . The sections were exposed in NTB2 emulsion (Kodak, Rochester, NY) at 4°C for ten days. Hoechst 33258 (Boehringer Manheim, Germany) was used to counterstain the nuclei. Visua- Fig. 4 . Comparison of mRNA expression of PAS members in selected mouse tissues. See Fig. 1 . The first five rows are from embryonic tissues followed by two rows of adult tissues and the last row is the yolk sac. The key is as follows. Brain: 4v, fourth ventricle; T, thallamus; st, striatum. Eye: rp, nonspecific staining of the retina pigment; rol, retina outer layer; ril, retina inner layer; L, lens; le, lens epithelium. Heart: t, thymus; mw, myocardial wall. Lung: m, mesenchyme. Kidney: ub, ureteric bud; A, adrenal; tu, tubules; cd, collecting ducts; G, glomeruli. Bladder: staining of the transitional epithelium. Testes: white arrow, seminiferous epithelium; white arrowhead, leydig cells. YS (E9.5d yolk sac): arrowheads, blood vessels. lization and photography was performed using epifluorescence and darkfield microscopy on a Zeiss Axiophot microscope. Identical conditions were used for sense and antisense sections.
